The fact that mixed-species foraging flocks are so widespread across the tree of life and the globe, despite assumed competition between flock members, challenges community ecologists to think more in terms of positive interactions between consumers (Krause and Godin 1994 , Sridhar et al. 2012 , Elias et al. 2014 . The multiple driving forces pushing flocks together, from predation risk mitigation (Hamilton 1971 , Thiollay 1999 , to foraging enhancement (Clark and Mangel 1984, Valone 2013) , and simply co-dependency on shared micro-habitat and resources (Latta and Wunderle Jr 1996) however makes general patterns hard to uncover (Stensland et al. 2003) . In the most widely studied mixed-species flocking system, forest understory birds, relevant functional traits (microhabitat specialization, cryptic prey detection rate, assimilation rate for toxic or hard-shelled prey) are furthermore extremely difficult to measure. This is likely why analyses based on readily measured functional traits like bill shape and foraging guild have yielded mixed results so far (Péron and Crochet 2009 , Sridhar et al. 2009 , Colorado and Rodewald 2015 . For this reason, phylogenetic relatedness still constitutes today the best available proxy for the proximity between avian flock members in the functional space (Wiens and Graham 2005) . In this study, for the first time I propose a multicontinental community phylogenetic approach (Webb and Ackerly 2002) to the analysis of the species composition of mixed-species flocks.
If the benefits of mixed-species flocking are complementary, i.e. mixed-species flocking is a way to mutualize skills Multicontinental community phylogenetics of avian mixed-species flocks reveal the role of the stability of associations and of kleptoparasitism (peron_guillaume@yahoo.fr) , Villeurbanne Cedex, France. If understood as a way to forage socially without incurring intra-specific competition for mates or other resources, mixedspecies foraging flocks are predicted to be composed of functionally similar species. In the most intensively studied mixedspecies foraging system, understory forest birds, relevant functional traits are however extremely difficult to measure and best replaced by phylogenetic relatedness. A multicontinental analysis of flock phylogenetic structure revealed departures from the expected phylogenetic clustering. Long-lasting associations ( one day) were phylogenetically overdispersed, indicating that these associations are affected by competitive exclusion or by mutualistic interactions. However, where kleptoparasites occurred, this effect disappeared completely, as expected if the dilution of kleptoparasitism risk compensated competition between related species. Mixed-species flocks should not be analyzed as a homogeneous phenomenon.
2014) or because they choose to temporarily trade predation risk reduction against foraging rate reduction (Hutto 1988 , Thiollay 1999 . By contrast, joiners of long-term associations may not be able to sustain high level of competition with other flock members (Graves and Gotelli 1993) .
The second potentially structuring feature of mixed-species flocks is kleptoparasitism. Kleptoparasitism is the act of stealing a food item collected by another individual, generally of another species (Brockmann and Barnard 1979) . It is, since the early studies, recurrently cited as a motivation for some species to join mixed-species flocks (Powell 1985 , Munn 1986 ). Kleptoparasitism occurs in most taxa if opportunity arises, but a very few species have developed kleptoparasitism as a major foraging technique (Brockmann and Barnard 1979) . Among flock-joining insectivorous birds, the behavior is perhaps most developed in drongos (Dicrurus sp.) (Styring and Ickes 2001 , Goodale and Kotagama 2006 , Satischandra et al. 2007 . Kleptoparasitic drongos seem to monitor the foraging success of other flock members and preferentially steal the largest and softest prey (unpubl.). Their presence thereby incurs a foraging success reduction for those flock mates that locate and subdue this type of prey, and this reduction is inversely proportional to flock size (kleptoparasitism risk dilution). Importantly, different drongo species vary in the frequency of kleptoparasitism (Chen and Hsieh 2002, Péron and Crochet 2009) .
Based on the above elements, I predicted that short-lasting mixed-species flocks should be more phylogenetically clustered than long-lasting ones because competition plays a smaller role in the assembly of short-than long-lasting associations. The presence of kleptoparasitic drongos was predicted to increase the benefits of flock size through the dilution of kleptoparasitism risk, compensating the cost of competition for food, and thereby alleviating the effect of flock stability on phylogenetic clustering.
Material and methods

Data collection
I collected flock composition data opportunistically by walking forest trails from dawn until the midday decrease in foraging activity. A mixed-species flock is defined as at least two different species foraging and moving in a similar direction, with flock members less than 10 m apart (Morse 1970) . Each time such a group of individuals was opportunistically detected, it was followed until no new species was detected for 10 min. When that was not possible, the flock was not recorded. When two flocks could be monitored the same day, only one of the encounters was selected if the distance between the two was less than 2 km. Flock location was systematically revisited the next day using the same walking pace but spending typically 15 min motionless at the original flock location. Data are included from 165 flocks in 20 study areas from five biogeographic regions: Europe, sub-Saharan Africa, Sundaland, Wallacea, and Papua. Study locations are presented in Table 1 and an assessment of sampling effort (simulation study) is presented in Supplementary material Appendix 2.
Flock stability assessment
Flocks were classified as either 'stable' or 'unstable' based on a single revisit to the initial flock location. If a flock was re-found within ∼500 m of the initial location, I used flock composition to decide whether it was the same flock (less than 2 new species and 2 missing species between the first and second observations), in which case the flock was considered as 'stable'. All other instances were classified as 'unstable'. This low effort method was conservative since the risk of classifying a short-lasting association as 'stable' was virtually nil (but there was a risk of inaccurately classifying a long-lasting association as 'unstable' if the flock was not refound the next day). For the 14 flocks recorded by da Prato (1981), I used the classification 'unstable' because da Prato specifies that flocking behavior was restricted to the time immediately following emancipation of young warblers. All other flocks were recorded by the same person (GP).
Kleptoparasitic drongos
Because drongo systematics in Wallacea are still poorly understood and drongo behaviors are rather poorly described in e.g. the Congo basin, I mostly used personal observations to classify drongo species as 'kleptoparasitic flocking drongos' (KFD) or 'infrequent kleptoparasites'. Pasquet et al. (2007) . KFD occurred in all Sundaland and Wallacean sites, but lacked from African, Papuan, and European sites. By comparing bioregions with and without KFD, I could infer the indirect correlates of KFD presence, i.e. the mere risk that a KFD might join the flock. By comparing, within bioregions with KFD, the flocks that were joined by a KFD and those that were not joined by a KFD, I could infer the direct correlates of KFD presence.
Net relatedness index
Community phylogenetics aim at describing the distribution of an assemblage, here avian mixed-species foraging flocks, along the tree of life (Webb and Ackerly 2002) . One speaks of phylogenetically clustered assemblages if the species are more closely related than expected at random, and of phylogenetically overdispersed assemblages if the species are more distantly related than expected at random. A widespread interpretation is that phylogenetic clustering is the mark of habitat filtering because more closely related species are more likely to share adaptive features (Péron and Altwegg 2015) ; whereas phylogenetic overdispersion is the mark of competitive exclusion because more closely related species are more likely to compete intensively for resource (Violle et al. 2011 ). I computed the net relatedness index (NRI; Webb and Ackerly 2002) of each flock using Eq. 1.
where d obs is the mean observed cophenetic distance between species represented in a flock, d sim is the mean expected cophenetic distance between species in a flock with the same number of species, but drawn at random from a pool of candidate species, and SD(d sim ) is the standard deviation of the mean expected cophenetic distance. Note that Webb and Ackerly (2002) multiply this index by -1, so that the NRI index used in this study is the opposite of Webb and Ackerly's index. In this study, NRI is negative if the flock is phylogenetically clustered and positive if the flock is phylogenetically overdispersed. The definition of the species pool from which random samples are generated is crucial for biological inference using NRI (Pearse et al. 2013) . The definition of the species pool needs to be based on a null hypothesis against which the data are compared. In this study, I defined the species pool using data about local availability of species (whether they are regularly recorded from the study site) and about flocking behavior (whether they are known to regularly join mixed-species flocks). These data were compiled from textbooks, local sources (bird checklists), and personal observation. This approach ensured that the NRI values were not affected by the fact that flocking behavior is itself phylogenetically clustered, nor by habitat filtering acting at a scale larger than the locality (1-10 km 2 ). By contrast, previous authors did not exclude from their species pool the species that were not locally available nor the species that never join flocks (Gómez et al. 2010 ). However, I did not account for variation in species abundance outside flocks when generating simulated flock compositions from the species pool. Thus, I considered that variation in species abundance was part of the biological process of flock assembly. Separating the role of species abundance from the role of species interaction remains challenging both for methodological reasons (abundance is difficult to estimate especially in social species and in dense forest), and for conceptual ones (abundance and species interactions are not independent). Lastly, to assess the possibly disproportionately large contribution to NRI of the few non-passerine species that participate in flocks, I followed the same procedure both on the complete dataset, and on the dataset from which all non-passerines were excluded. I report only the former because results were qualitatively similar.
Phylogenetic distance
I constructed site-specific taxonomy-based trees from online bibliographies (Gill and Donsker 2013, Boyd 2014 ). This taxonomy-based approach is believed to reduce issues caused by uneven sampling effort across the avian tree of life of tropical regions. Taxonomic trees were rooted where Otidae splits from the rest of the Passerea clade (Jarvis et al. 2014) , and featured 8 levels between the order level and the family level, and 8 others levels between the family and genus level. Phylogenetic distance between two flock members was the cophenetic distance along the site-specific tree. 
Data from da Prato (1981). Table 1 . (Continued) and Altwegg 2015). I thereby first removed the variation in NRI that was due to flock species richness, before testing for the effect of the predictor variables. Flock species richness was first standardized to a mean of zero and a standard deviation of one in each study location. However, results were qualitatively similar if not detrending NRI values for the homogenizing effect of species richness. I also corrected for potential variation between biogeographic regions using fixed effects and between study locations within bioregions using random effects, implemented in R (R Core Team). To visualize interactions between predictors and select a meaningful model, I used both a recursive partitioning method: conditional inference binary trees (Hothorn et al. 2006) , and a more standard information-theoretic approach (Burnham and Anderson 2002) which I combined with ANOVAs for p-values.
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.24sq5 > (Péron 2017).
Results
In each bioregion, as expected, the NRI tended towards zero as flock species richness increased (Fig. 1 ). Flocks were on average phylogenetically clustered (mean NRI: -0.46; standard deviation: 1.18). In the following, I report the analysis of detrended NRI. Stable flocks were on average more phylogenetically dispersed than unstable flocks (average residual 0.34 vs -0.08; AIC difference: 28.3;
Linear mixed regressions
To test my hypotheses, I performed linear mixed regressions of NRI against predictor variables: flock stability and presence of drongo. However, in a same location, large assemblages include a more complete subset of the local avifauna; for this reason they are expected to exhibit NRI values that are closer to zero than small assemblages (Péron 
Kleptoparasitism enhances flock phylogenetic clustering
Flocks with KFD were more phylogenetically clustered than flocks without KFD, and the phylogenetic over-dispersion of stable flocks disappeared in locations where a KFD occurred. I expected that, in the presence of KFD, the cost of competition for food between flock mates was partly compensated by kleptoparasitism risk dilution and predation risk reduction, thereby alleviating the effect of flock stability on competitive exclusion and flock assembly. The data support this view that kleptoparasitism has a structuring role on flock assembly. However, the KFD effect could also be due to the direct contribution of the drongos species to the NRI, or to their association with larger species of flock-joining birds (Styring and Ickes 2001, Satischandra et al. 2010) , larger species being on average more basal than smaller species.
In conclusion, this study brings to the fore that mixedspecies flocks should not be interpreted as a homogeneous phenomenon, and certainly not as the consequence of purely mutualistic interactions between flock members. In particular, the overdispersion of stable flocks and the fact that in the presence of kleptoparasitic drongos, heterospecific flock members were more closely related than in the absence of kleptoparasites highlights that flock mates are competing against each other for food, but the flocks provide them with benefits that counterbalance the cost of competition. These conclusions could in the future be further tested using more field-intensive methodologies and by investigating additional factors of variation (seasonality, exposure to predation).
ANOVA p-value: 0.012; Fig. 2 ). The effect of the presence of KFD in flocks was retained as an important predictor of NRI (average residual 0.60 vs -0.07; AIC difference: 29.4; Fig. 2 ; ANOVA p-value: 0.010) whereas when pooling all drongo species together their effect was dropped from the preferred model (AIC difference: 1.8). The presence of KFD in the study location (as opposed to in the flocks) was selected in interaction with the effect of stability (average residual for stable flocks without drongos: 0.94 vs -0.07; AIC difference: 21.52; Fig. 2 ; ANOVA p-value: 0.035). In short, it appeared that in bioregions without KFD (Europe, Africa, Papua), stable flocks were phylogenetically overdispersed, and unstable flocks were phylogenetically clustered (Fig. 2) . This pattern disappeared in bioregions with KFDs (Sunda, Wallacea; Fig. 2) , where it was replaced by a direct effect of KFD presence in the flocks (flocks with KFDs were more phylogenetically dispersed; Fig. 2 ).
Discussion
My working hypothesis was that avian mixed-species foraging flocks are a way for territorial species to forage socially without incurring intra-specific competition for mates or resources. This prediction was verified by the fact that 64% of the flocks were phylogenetically clustered (were more closely related than expected). Also corroborating the prediction, flock members are disproportionally often of the same body mass and the same foraging guild (Sridhar et al. 2012) , and, at least in winter associations of Paridae (tits), interspecific associations are mostly the doing of subordinates individuals that would experience enhanced intra-specific competition in monospecific flocks (Farine et al. 2012) . One can therefore say that mixedspecies flocking is the 'next best thing' when intra-specific competition for mates puts a constraint on monospecific flock size.
Stable flocks are overdispersed
Stable flocks were on average more phylogenetically dispersed than unstable flocks. This result suggests that competition for food between flock members was more acute in long-lasting associations than short-lasting ones and that their assembly was ruled by competitive exclusion (Graves and Gotelli 1993, Colorado and Rodewald 2015) or maybe by mutualistic interactions between complementary species (Hino 1998 , Sridhar et al. 2009 ). This can be contrasted with the conclusions of the few studies that quantified foraging behavior in unstable flocks. In unstable flocks, decreases in foraging rate were as common as increases (Herrera 1979 , Hutto 1988 , Sasvári 1992 , Dolby and Grubb Jr 1998 . Indeed, joiners of unstable flocks may not be interested in short-term foraging benefits but rather obtain long-lasting social information (Aplin et al. 2012) or momentarily trade foraging rate reduction against predation risk reduction (Hutto 1988) .
